ABSTRACT. P-glucuronidase hydrolyzes glucuronic acid from bilirubin glucuronides. The unconjugated bilirubin that results is more readily absorbed from the intestine. Human breast milk has significant P-glucuronidase activity, and it has been suggested that the milk may play an etiologic role in the hyperbilirubinemia commonly seen in breast-fed infants. To test whether breast-milk can facilitate intestinal bilirubin absorption, pairs of rats were fitted with bile duct and duodenal catheters. One rat of each pair received an intraduodenal infusion of rat bile plus breastmilk; the other rat received a similar amount of bile and milk plus the P-glucuronidase inhibitor saccharolactone. Rats receiving saccharolactone excreted significantly less bilirubin in their bile, suggesting that inhibition of 8-glucuronidase decreased intestinal absorption of bilirubin. These findings were not seen in similar experiments when saline was substituted for human breast-milk. (Pediatr Res 25: [234][235][236][237][238]1989) 
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Jaundice is more common in breast-fed than formula-fed neonates. In a combined review of 12 studies totaling more than 8000 infants, moderate jaundice (serum bilirubin 2 12 mg/dl or 205 pmol/liter) was found in 12.9% of the 3997 breast-fed infants and 4% of the 4255 formula-fed infants; p = 3 x lo-'' (1) . In these studies, known causes of jaundice (e.g. blood group incompatibility, sepsis, hematoma) were excluded or statistically controlled. In breast-fed neonates, the most common etiology for moderate jaundice has been shown to be indeterminate (2) .
Although the association between breast milk feedings and neonatal hyperbilirubinemia was described in the mid-1960s (3, 4) , the explanation(s) for this association remains unclear. Attempts to relate the jaundice to breast milk levels of either the steroid pregnane-3a, 20P-diol (5), or lipase and FFA (6) (7) (8) have been seriously disputed (9) (10) (11) (12) .
Another hypothesis suggests that jaundice develops because of increased absorption of bilirubin (1 3) . Recently, data from two independent groups have suggested that (3-glucuronidase may be involved with such a mechanism. Both groups showed statistically significant associations between breast milk P-glucuronidase activity and neonatal serum bilirubin levels (14, 15) . Elevated intestinal levels of P-glucuronidase may result in increased hydrolysis of bilirubin glucuronides to produce unconjugated bilirubin. Bilirubin, which is fat soluble and nonpolar, has been shown to be more easily absorbed from the intestine than the more water-soluble, polar bilirubin glucuronides (16, 17) . Hence, it is suggested that P-glucuronidase increases the enterohepatic circulation of bilirubin, thus delaying bilirubin clearance from the body and prolonging neonatal jaundice.
If P-glucuronidase of breast milk contributes to neonatal hyperbilirubinemia, inhibition of this enzyme might decrease the enterohepatic circulation of bilirubin, thereby promoting increased fecal excretion of bilirubin. Saccharo-1,4-lactone is a competitive inhibitor of P-glucuronidase (18) . The purpose of this research was to examine the effect of saccharo-l,4-lactone on the rat's intestinal absorption of bilirubin in the presence of human breast milk.
MATERIALS AND METHODS
Male Sprague-Dawley rats (Sprague-Dawley, Madison, WI), weighing approximately 250 g each, were housed in suspended cages for at least 1 wk before experimental study. Animals were given a standard rat food, and a 12-h light-dark cycle was maintained (0600-1800 light). Animals were fasted approximately 16 h before each experiment with free access to water.
Bile for intraduodenal infusion was prepared in the following manner. Bile was collected as previously described (1 9), with the following modifications. Anesthesia was initiated with diethyl ether by inhalation to increase excretion of bilirubin monoglucuronide (19) as is seen in bile from human neonates (20, 21) . After approximately 30-60 min of ether, anesthesia was continued using only intravenous pentobarbital in 2.5-mg doses, given as needed to keep the rat immobile. A solution of 5% dextrose in 0.9% saline was given as a continuous intravenous infusion (intravenous syringe pump, Harvard Apparatus Co. Inc., Millis, MA) at a maintenance rate of 100 ml/kg body &/day (22) . A solution of bilirubin was prepared and infused as described by Natzschka and Odell (23) , with the following specifications. Bilirubin solutions were freshly prepared under reduced lighting by dissolving 200 mg of crystalline bilirubin (Sigma Chemical Co., St. Louis, MO) in a solution containing 0.52 g of Na2C03 and 0.52 g of NaC1/100 ml. Once bile collection was under way, each rat received a priming bolus of 2 mg bilirubin/100 g body wt, followed by a constant infusion of 0.1 mg/100 g body wt/ min. Bile was collected for up to 8 h or until the animal expired. EDTA and sodium ascorbate were added to bring the final concentrations to 5 nM and 20 mM, respectively, to preserve bile pigments. Bile collections were pooled and stored in I-ml aliquots in light-protected containers at -70°C until thawing on the morning of use. Bile was stored no longer than 7 wk before use. Total bilirubin concentration in this bile, as determined using a micromodification of the method of Malloy and Evelyn (24), was 88.2 mg/dl. The vol of bile used for each intraduodenal infusion was 0.34 ml. An aliquot of the infusion bile (5 p1) was analyzed by HPLC as described below, in order to determine the relative proportion of bilirubin mono-versus diglucuronide (these were the predominant bilirubin conjugates present, and their total has been normalized for purposes of description). Bile used for intestinal infusions had a mean bilirubin diglucuronide:monoglucuronide ratio of 0.82 ? 0.07 (for the breast milk mixtures, n = 5) and 0.82 + 0.03 (for the saline mixtures, n = 6).
Human breast milk for intraduodenal infusion was prepared in the following manner. Samples of frozen breast milk were obtained from three mothers. Samples were pooled and stored at -20°C in 4-ml aliquots. Milk was stored no longer than 3 wk before use. P-glucuronidase activity, measured as previously described (14) , was 242 modified Sigma U/ml. Freeze-thaw had negligible effect on milk P-glucuronidase activity. A total of 42 human breast milk samples stored frozen for up to 622 d showed no significant change in P-glucuronidase activity after thawing (Student's paired t test). When 1 ml of this breast milk was mixed with 0.25 ml of the above-described bile, the P-glucuronidase activity of the milk was increased to 278 modified Sigma U/ml.
Experiments consisting of bile collections before, during, and after intraduodenal infusion of mixtures of rat bile and human breast milk, with or without added saccharolactone, were initiated at approximately 0800. These experiments were done in a paired manner so that each d two rats were studied, one in the saccharolactone group and one in the saline control group. The group to go first was alternated from day to day. Operations and determinations in the second rat followed those of the first by 30 to 60 min. After being weighed, each animal received 25 pmol/ kg body wt of Sn-protoporphyrin subcutaneously. Sn-protoporphyrin (Porphyrin Products, Logan, UT) had been prepared as described by Simionatto et al. (25) . Pentobarbital, 35 mg/kg, was then given intraperitoneally. No ether was administered during these bile collections. When appropriate anesthesia was achieved, the femoral vein was cannulated with PE-10 tubing and a similar dose of Sn-protoporphyrin was immediately given intravenously. The purpose of the Sn-protoporphyrin was to prevent formation of bilirubin from heme generated by the surgery (25) . The tip of a PE-90 cannula was sutured into the proximal duodenum after making a small incision in the intestinal wall, being careful to avoid blood vessels and to achieve hemostasis. The bile duct was then cannulated with PE-10 tubing, the abdomen closed, and the animals were secured in a "belly-down" position for the next 7.5 h of the bile collection. The time from initial pentobarbital administration until initiation of bile collection ("surgery time) was noted for all rats. Additional intravenous pentobarbital (50 mg/ml) was given during the period of bile collection in 2.5-mg doses, as needed to keep each rat immobile. Total pentobarbital given was recorded for each rat. Each collection period lasted 30 min. During the bile collection, each rat was given intravenous 5% dextrose in 0.9% saline as described above. Bile collections were done in the dark except for an overhead incandescent heating lamp, which was used as needed to maintain body temperature between 37 and 37.4"C. Body temperature was monitored continuously with an electronic rectal temperature probe (Bailey Instruments, Saddle Brook, NJ). All tubing was shielded from light with aluminum foil. Bile was collected in light-protected iced containers.
After a 2-h baseline bile collection, each rat received an intraduodenal infusion of a mixture of human breast milk (4 ml) plus bile (0.34 ml) (both described above) plus either saccharolactone (10 mg in 0.1 ml of 0.9% saline) or 0.9% saline. Previous experiments had shown this dose of saccharolactone to inhibit 100% of the P-glucuronidase activity present in the human breast milk used. The saline-containing mixture was adjusted to the same pH as that of the saccharolactone mixture with the addition of several drops of 0.2 M sodium acetate. This infusion was delivered over 2 min. The human breast milk and rat bile samples for each rat pair came from the same freshly thawed and warmed aliquots of milk and bile. Animals were alive and stable throughout the course of these and subsequently described bile collections.
A second group of similar paired experiments was performed in which saline was substituted for human breast milk. In this group of experiments, the pH of the saccharolactone mixture was adjusted to the same pH range (approximately 5.6) as that of the breast milk plus saccharolactone group with the dropwise addition of 0.25 M NaOH. The pH of the nonsaccharolactonecontaining mixture was adjusted to the same range with 0.2 M sodium acetate.
Bile flow was determined gravimetrically, and wt was converted to vol using a factor of 0.98, based on a bile sp gr of 1.02 1 (23) . Total bilirubin was determined immediately after collection as noted above. EDTA and sodium ascorbate were added to the remaining bile to bring the final concentration to 5 nM and 20 mM, respectively. Bilirubin excretion was expressed as pg bilirubin equivalents/100 g body wt/min.
Bile pigments were separated, identified, and analyzed using an HPLC system consisting of a Perkin-Elmer series 4 10 solvent delivery system (Perkin-Elmer Corp., Norwalk, CT), ISS-100 automatic sample injector with sample tray perfused by a MGW Lauda RM6 refrigerated circulator (Lauda Div., Brinkman Instruments Co., Westbury, NY), and a Hewlett-Packard 1040A diode array detector (Hewlett-Packard Co., Palo Alto, CA) controlled by a model 310 microcomputer interfaced with a 50 megabyte Bering hard disk. (Bering Industries, Inc., Fremont, CA). Sample vial temperature was monitored continuously using a Bailey temperature probe, and the coolant temperature was adjusted to approximately -3.4"C to keep the sample vial temperature at 1 "C. A linear gradient of acetonitrile in 0.1 M sodium acetate (adjusted to pH 4.0 with glacial acetic acid) without counter ion was used in the following manner: initial 28% acetonitrile was increased to 34% over 2 min, with a 12-min isocratic hold at 34%, followed by an increase to 80% over 5 min, with a 10-min isocratic hold at 80%, followed by a return to initial conditions. Vol of bile injected was 20 p1. Detection was at 436 nm with a 4-nm bandwidth, minus a reference of 550 nm with a 50 nm bandwidth. HPLC bile analysis was performed within 24 h of bile collection.
The data were analyzed by 2-way ANOVA on within pair differences, using the pair and the time period as factors. This allowed the significance of the treatment to be assessed across the whole course of the experiment. If this analysis showed a significant difference, paired t tests were then performed to determine at which time period the groups differed significantly.
All p values are based on 2-tailed analyses; p > 0.05 was judged not significant. Other statistical analyses utilized Student's t test.
RESULTS
Comparisons were made first between rats given intraduodenal human breast milk with rat bile and either saccharolactone or saline. Second, comparisons were made between rats given intraduodenal saline with rat bile and either saccharolactone or saline. Table 1 presents descriptive data comparing the groups of rats that were involved in these experiments. There were no significant differences between the groups that were compared with regard to body wt, surgery time, extra pentobarbital sedation required during bile collections, or the pH of the duodenal infusate. The rats in the breast milk groups weighed significantly less (-7%) than those in the saline groups; however, this is inconsequential because a comparison between these groups was not intended.
The effect of saccharolactone versus saline on the human milkfacilitated absorption of bilirubin is presented in Figure 1 . The ANOVA shows an overall significantly increased biliary excretion of bilirubin in the group which did not receive saccharolactone ( p < 0.05). In examining specific time intervals, the data show significant differences at the following times: 3 h ( p < Bilirubin excretion is a product of bile flow and bilirubin concentration. There were no significant differences between the two groups with regard to bile flow, which ranged from 6.33 to 4.17 J/100 g body wtlmin, slowly decreasing over the course of the collection periods. The difference in bilirubin excretion was due to a significant difference in the bilirubin concentration. The group that received saline produced bile with significantly higher * Bile was collected for 2 h before and 5.5 h after duodenal infusion. During the bile collection, extra intravenous pentobarbital was given in total doses noted below to keep the rats immobile. There are no significant differences within the groups receiving breast milk or saline. Rats in the breast milk groups weighed significantly less than those in the saline groups ( p < 0.05).
bilirubin concentration than did the group which received saccharolactone ( p < 0.05 overall) (see Fig. 2 ). In examining specific time intervals, the data show significant differences at the following times: 2.5 h ( p < 0.05), 3-3.5 h ( p < 0.01), 4 h ( p < 0.02), 4.5-5.5 h ( p < 0.05), and 7.5 h (p < 0.05).
To assess whether the differences observed in Figure 1 could be due to the effect of the saccharolactone alone, a similar analysis of biliary bilirubin excretion was conducted in the second group of rats which received intraduodenal saline, rat bile, and either saccharolactone or saline. These data are presented in Figure 3 . No significant differences were found between these groups using the experiment-wide 2-way ANOVA. As additional confirmation, individual collection periods were compared with paired t tests. Again, no significant differences were noted. It is of interest that the group receiving saccharolactone demonstrated a lower mean biliary bilirubin excretion at all time points after the infusion. If this order persisted for a much greater number of rats, a statistically significant difference might arise. The lack of any significant difference after identical statistical analyses of a similar number of observations as were made in Figure 1 suggests that the findings are not due to saccharolactone alone.
HPLC analysis of the bile pigment composition of the biliary collections showed no significant differences within either the human breast milk with or without saccharolactone comparisons or the saline with or without saccharolactone comparisons. This analysis included comparisons of the relative percentages of bilirubin diglucuronide, bilirubin C-8 monoglucuronide, bilirubin C-12 monoglucuronide, and C-8/C-12 ratio. There was a significant variation with time in these parameters, however, no significant overall differences between comparable groups could be demonstrated. Values for the bilirubin conjugates were similar in all four groups. Bilirubin diglucuronide content varied from 45-57% of the total bile pigment; bilirubin C-8 monoglucoronide varied from 26-32%; and bilirubin C-12 monoglucuronide varied from 17-22%. The bilirubin diglucuronide:monoglucuronide ANOVA shows significantly higher bilirubin excretion in the rats that did not receive saccharolactone ( p < 0.05, overall; with p < 0.01 at 3.0 h). 
DISCUSSION
The purpose of these experiments was to examine intestinal bilirubin absorption in the rat after the intraduodenal infusion of mixtures of conjugated bilirubin in bile plus human breast milk. In this model, unconjugated bilirubin absorbed from the intestine circulates through the bloodstream to the liver where it is conjugated and excreted into the bile. Hence, biliary bile pigment excretion can be directly correlated with intestinal absorption of bilirubin.
Intestinal absorption of bilirubin is more of a concern in neonates than in adults for two reasons. First, bilirubin conjugates in neonatal bile are principally monoglucuronides (20, 21) rather than diglucuronides which predominate in normal adult bile (26) . Hence, hydrolysis of only one glucuronic acid moiety results in unconjugated bilirubin in the neonate, whereas similar hydrolysis yields bilirubin monoglucuronide in adult bile. Thus, a given amount of P-glucuronidase activity produces more unconjugated bilirubin in the neonate. Second, intestinal bacteria GOURLE Y ET AL.
convert bilirubin conjugates to urobilinogens in adults, thus protecting against bilirubin absorption (27) . However, the developing flora of the neonate's intestine produces very little urobilinogen (1 3).
Control and experimental rats experienced similar conditions as they lay side by side for the 7.5-h bile collection. Sn-protoporphyrin was used to block the production of bilirubin from surgically produced blood, thus making baseline bilirubin excretion quite stable. When the first two groups (i.e. breast milk with and without saccharolactone) exhibited the hypothesized difference in bile pigment excretion, two additional groups were compared. In this additional comparison, saline was substituted for breast milk to address the possibility that the initial findings might be due to the saccharolactone alone. Because rats are coprophagic, one might argue that the bacterial P-glucuronidase of the upper intestine might be responsible for significant deconjugation of the infused bilirubin glucuronide. Inhibition of this bacterial P-glucuronidase by saccharolactone might be suggested to explain the observed difference. Alternatively, the difference might be considered to be due to an effect of saccharolactone on some other step in the enterohepatic circulation of bilirubin. This second pair of rat groups weighed significantly more than the first two groups, thus precluding a simultaneous comparison of all four groups. However, in the second comparison, in which saline was substituted for breast milk and infusions were done with and without saccharolactone, there was no significant difference between the two groups in the biliary bile pigment excretion. This rules against the observed effect being caused by the saccharolactone itself. Further, the very rapid increase in bile pigment excretion following intraduodenal infusion of the bilirubin-containing mixture suggests absorption of bilirubin from the small intestine. Studies of intestinal deconjugation of bilirubin in germfree and conventional rats indicate that the caecum rather than the small intestine is the major site of bacterial deconjugation (28).
Gartner et al. (29) have previously suggested that breast milk may promote the intestinal absorption of bilirubin. However, there are important differences between their studies and those presented here. Gartner et al. (29) delivered unconjugated bilirubin into the rat duodenum and showed that certain breast milk samples facilitated bilirubin absorption. No specific etiologic mechanism to explain this was tested. As bile contains very little unconjugated bilirubin we thought that it would be more physiologic to infuse rat bile, which is predominantly conjugated bilirubin. By using saccharolactone as a P-glucuronidase inhibitor, we addressed a specific mechanism for the facilitated intestinal absorption of bilirubin. P-glucuronidase could play no role in explaining the findings of Gartner et al. because the bilirubin infused was already unconjugated.
As bile has been shown to be inhibitory to bacterial P-glucuronidase activity, with a significant positive correlation between biliary D-glucaric acid content and P-glucuronidase inhibition (30), we measured the P-glucuronidase activity in our duodenal infusion mixture of bile and breast milk. We demonstrated no inhibition of P-glucuronidase in this mixture.
We believe that these studies support the hypothesis that breast milk P-glucuronidase may be a significant factor related to the hyperbilirubinemia more commonly seen in breast-fed than formula-fed infants.
